MIM parts usually require a green strength high enough to withstand handling, particularly after molding and before sintering. Thus, it is necessary to develop a binder system that can provide a high green strength without impairing molding and debinding properties. In this study, a titanate coupling agent was evaluated as a processing aid. The results showed that a higher green strength and a lower amount of swelling during solvent debinding were attained. Due to the presence of Ti atoms in the coupling agent, the sintered density and hardness also increased slightly. Scanning electron microscope observations confirmed that the presence of the titanate coupling agent resulted in improved bonding between the metal powder and the binder.
Introduction
Metal injection molding (MIM) is a relatively new process for producing net-shaped products. 1) Its main advantage over other competitive processes is the elimination of machining, particularly in parts with complicated shapes. However, there remains a lot of room for improvement. One example is that damage such as chipping and cracking frequently occurs during the ejection of parts from the die and transfer of the parts from the molding station to the debinding and sintering stations. In response to this problem, an important goal in MIM processing development is to increase the strength of the molded compact and the debound compact. To resolve this issue, several studies reported to date have examined better binder compositions, 2) increased homogeneity of the feedstock, 3) improved bonding between metal powders and polymers, 4) and the use of metal powders with better shape characteristics. 5) Organic titanate-derived additives are usually used in the polymer industry to increase the strength of polymeric materials that contain inorganic fillers. 6) These additives are termed coupling agents because they enhance the bonding between organic polymers and inorganic fillers, such as meal powders, 7) ceramic powders, 8) carbon black, 9) and calcium carbonate (CaCO 3 ). 10) A typical titanate coupling agent has an alkoxide group connected to a long aliphatic chain.
11) The alkoxide group of the titanate can react with the hydroxyl groups on the metal powder surface to form covalent bonds, while the aliphatic chain can mix well with polymers due to their high compatibilities.
The bridging effect of the titanate has been confirmed with the XPS technique. Yang et al. investigated the bonding of the titanate coupling agent on the surface of wrought steels, and the titanate was found in the spectrum when the steel plate was treated with di(doctyl)-pyrophosphate ethylene titanate.
12) The dramatic increase in the atomic concentration ratios of Carbon/Phosphorous and Carbon/Titanium as a result of decreasing the depth of XPS indicated that long aliphatic chains of the coupling agent extend outward. These out-stretching aliphatic chains can then mix easily with the polymers.
Since titanate coupling agents can improve the bonding between the polymer and metal plates, it would be interesting to determine whether they also have the same effect on metal powders, which usually contain thin oxide layers on powder surfaces. To examine this, the objective of this study was to add Lica 12 Ò , which was developed by Kenrich Petrochemicals Inc. and has the chemical structure shown in Fig. 1(a) , to the binder system to see if it would provide a bridging effect between the polymer and the powder, as illustrated in Fig. 1(b) . Such a bridging effect was evaluated using the rheological properties of the feedstock, the dimensional changes during molding, debinding, and sintering, and the strength of the green and sintered parts.
Experimental Procedure

Sample preparation
The carbonyl iron powder and stainless steel powder are widely used in the MIM industry and thus were chosen for this study. The characteristics of these two powders are shown in Table 1 . To prepare the feedstock, 93 mass% metal powders were kneaded with 7 mass% multi-component binders, which consisted of 40 mass% polyethylene (PE), 55 mass% paraffin wax (PW), and 5 mass% stearic acid (SA). To investigate the effect of the Lica addition on the feedstock, the weight ratio of the metal powder to the binder was held constant, but the amount of SA was adjusted. For example, when 0.21 mass% (3 mass% of the binder) Lica was added in the feedstock, the content of SA would decrease from the original 0.35 mass% (5 mass% of the binder) to 0.14 mass% (2 mass% of the binder).
The kneading process started with the metal powders being heated to 150 C and held at that temperature for 5 min to eliminate the moisture absorbed by the metal powder. After the drying stage, the kneader was heated to 170 C, and the PE was added and then kneaded for 1 h. After the PE was well mixed with the metal powder, the kneader was cooled to 150 C and held at that temperature for 10 min, during which the PW was added. The SA was added in the final step, and the kneading proceeded for another 5 min. For samples with Lica additions, the liquid titanate was directly added to the mixture of PE and metal powders at 150 C, before the PW was added. These feedstocks were then molded into rectangular specimens measuring 4 mm Â 10 mm Â 100 mm using an injection molding machine (270C, Arburg GmbH).
Debinding of the molded compact was performed in two steps. The initial debinding was carried out by immersing the plate specimens in n-propyl bromide (n-PB) at 40 C for 24 hours to remove the soluble binders PW and SA. After solvent debinding, the residual n-PB solvent in the specimens was air dried for 24 hours and then kept under vacuum at 40 C for 2 hours. The solvent-debound specimens were subsequently placed in a tube furnace for thermal debinding in a nitrogen atmosphere to remove the backbone binder (PE). Finally, the thermally debound parts were placed on Al 2 O 3 plates and sintered under vacuum at 1250 C and 1350 C for Fe and 316L, respectively.
Measurements
The viscosity of the feedstock was measured using a capillary rheometer (RH 7-2, Rosand Corp.). The shear rates were set between 500 and 8,000 s À1 , and the temperature was set at 140 C. To measure the green strength, , the force, P, at which the brittle failure of the green compact commenced was recorded. The 4-point bending strength was then calculated using the following equation:
where w is the width of the specimen; t is the thickness; and I and L are the distances between the two rods on the top and the bottom fixtures, respectively. Another way to evaluate the bonding between the binder and the powder was to directly examine the specimen surface and the fracture area of solvent-debound specimens using a scanning electron microscope (SEM) (S-2400, Hitachi Corp.).
To understand the effect of Lica on the swelling which occurred during the solvent debinding, the in-situ dimensional changes of specimens were measured using a selfdesigned laser dilatometer. The setup and the details of the instrument can be found in our previous report. 14, 15) The temperature of the laser dilatometer was controlled at 40 AE 0:2 C. The density of the sintered compact was measured using the Archimedes method. For hardness measurements, a hardness tester (ARK-600, Mitutoyo Corp.) was used with a loading of 1.47 N. The carbon content of the sintered part was measured using the Carbon Sulfur Analyzer (EMIA-200V, Horiba Corp.).
Results and Discussion
Rheology
The rheology of the feedstock is an indicator of the flow behavior during injection molding. Figure 2(a) shows the effect of binder composition on the shear viscosity of the Fe feedstock. When part of the SA content in the feedstock was replaced by Lica, the resultant viscosity of the feedstock was significantly greater. For example, at the shear rate of 1,000 s À1 , the viscosity of the sample with 0.21 mass% Lica and 0.14 mass% SA was 56 PaÁs. In contrast, for the feedstock with 0.35 mass% SA, the viscosity decreased to 48 PaÁs. It can be argued that the high viscosity of the feedstock that contained 0.21 mass% Lica and 0.14 mass% SA should be attributed to the decrease in the amount of SA, which is a good lubricant. To test this, a feedstock with 0.14 mass% SA was prepared; the 0.21 mass% difference was replaced by PW, bringing the total PW content to 0:21 þ 3:85 ¼ 4:06 mass%. Figure 2 shows that the viscosity of this feedstock was further decreased to 45 PaÁs, significantly lower than the 56 PaÁs of the feedstock with 0.21 mass% Lica and 0.14 mass% SA. This result demonstrated that a titanate coupling agent increases viscosity. A similar trend of an increase in viscosity following the addition of 0.21 mass% Lica was also observed in 316L stainless steel feedstocks, as shown in Fig. 3 . These results agree with those obtained by Bigg on stainless steel filler powders. 7) Although the viscosity of the feedstock increased due to the Lica addition, it was not high enough to cause difficulties in the molding process. For example, the maximum molding pressures of the iron specimens without and with the Lica addition were 61 MPa and 64 MPa, respectively. Thus, the method of adding Lica to the binder system should be easy to adopt in the MIM process.
Interface Bonding
To determine whether the titanate addition improved the bonding between the polymer and the metal powder, the mechanical properties of the green compacts were measured, with the results shown in Table 2 . For carbonyl iron powders, the green strength increased by 30%, while for 316L, the green strength increased by 32%. Table 2 also shows that the green strength of the 316L specimen was lower than that of the Fe specimen. This was mainly due to the rounder shape and the larger particle size of the gas atomized 316L powder compared to those of the Fe powder. The improved bonding between the metal powder and the polymer that resulted from the addition of Lica was also noted from the small decrease in length and the small increase in the green density of the molded parts, as shown in Table 2 . The decrease in the standard deviations in length, density, and strength attained by adding the coupling agent, which are beneficial for tolerance control and reliability in MIM products, further suggested that the feedstock was better homogenized.
The improvement in bonding between the powder and the binder was also confirmed by direct observations of the specimen surface and the fracture area under SEM.
Figs. 4(a) and 4(b) show that in an Fe specimen containing Lica 12
Ò , the PE coverage over the iron powder was more complete. In 316L specimens, poor PE coverage on powders was found, as shown by the white arrows in Fig. 4(c) . After the addition of Lica to the feedstock, the PE coverage became more complete, as shown in Fig. 4(d) .
The quality of the bonding could be further observed in the fracture area of the specimen in which 95% of the soluble binder had been removed. Comparing the fracture surfaces, as shown in Figs. 5(a) and 5(b), less PE coverage and more round holes can be found in the specimen without Lica. These round holes were originally occupied by the iron powders, which were pulled out during the sample preparation due to the weak interfacial bonding. However, when Lica was added, uniform PE coverage was found. In addition, breakage of PE was evident, in contrast to the specimen without Lica, in which most separations occurred at the interface between the powder and the binder. Figure 6 shows the solvent debinding behavior of specimens. The curves, which represent the weight loss of soluble binder during solvent debinding, show that the addition of titanate did not alter the debinding behavior. However, the 316L showed a slightly slower debinding rate than did the Fe. The reason could be that when the weight percentage of the binder was kept the same, the 316L specimen had a larger volume percentage of binder due to its higher theoretical density. This phenomenon was also noticed in our previous study. 16) MIM compacts are usually immersed into a solvent to extract soluble binders, 17) during which a swollen gel forms and frequently causes defects such as cracks and distortions. 15) Thus, in the MIM process, it is important to reduce the amount of swelling during solvent debinding. Figure 7 compares the in-situ length change of compacts during solvent debinding. The maximum amount of swelling of the iron and 316L specimens decreased by 33% and 18%, respectively. This indicates that the bonding between the powder and the polymer was improved due to the Lica Fig. 3 The Lica 12
Debinding Behavior
Ò increases the viscosities of the Fe and 316L feedstock. addition. This also suggests that the liquid Lica did not dissolve into the solvent and thus lose its bridging effect in the solvent bath. The bridging effect in the specimens after solvent debinding was also examined by comparing the green strength of the solvent-debound compacts, as shown in Table 3 . Due to the loss of the soluble binders, the strength of the compacts decreased after the solvent debinding. For carbonyl iron powders, the strength of the solvent-debound specimen was 4.41 MPa, while for 316L, the strength was only 2.59 MPa. With the addition of Lica, the green strength of the Fe and 316L specimens increased by 11% and 40%, respectively.
These results demonstrate that the bridging effect remained at the interface between the PE and the powder.
Sintering
The above results show that the green strength of green parts can be improved significantly by directly adding a titanate coupling agent to the feedstock during the kneading process. It is possible that the sintered density and mechanical properties may also be improved by the dispersed titanium dioxides, which are formed during debinding and sintering due to the reaction of the Ti atoms in Lica with oxygen or water vapor in the atmosphere. 18) To examine such a possibility, debound parts were sintered at 1250 C and 1350 C for the Fe and 316L specimens, respectively. Table 4 shows that the Lica slightly increased the sintered density and hardness of the Fe and 316L specimens. As compared to previous reports on the effect of binder-derived oxides, these increases are minor. 18, 19) It could be that the maximum amount of TiO 2 in the specimen derived from the 0.21 mass% titanate coupling agent was only 0.013 mass%, in comparison to the minimum of 0.08 mass% in other studies that show positive effects. 19) With the smaller amount of oxide, its effect on inhibiting the grain growth during sintering was limited, and thus less benefit was attained.
Conclusions
Defects such as chipping and cracking are frequently observed in metal injection molded parts after molding and debinding. To alleviate this problem, 0.21 mass% titanate coupling agent, which accounts for 3 mass% of the binder system, was added to the feedstock during kneading. The results show that the viscosity of the feedstock increased slightly, but not so much that it would cause difficulties in injection molding. However, better PE coverage was observed under SEM on Fe and 316L powders. The improved bonding between metal powders and polymers results in a significant increase in the strength of the as-molded and solvent-debound Fe and 316L specimens. This strengthening Fig. 6 The percentage of the soluble binder removed during solvent debinding at 40 C. Fig. 7 The length changes of molded specimens during solvent debinding at 40 C (a) Fe (b) 316L specimens. effect helps reduce the damage due to handling in the molding and debinding processing steps. The bridging effect of the Lica between the metal powders and polymers also reduces the amount of swelling of the green part during solvent debinding, which is also beneficial in reducing distortions and cracking.
